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Abstract Brownian relaxation caused by Brownian move-
ment of particles in suspensions can macroscopically be
probed by small-amplitude oscillatory shear experiments.
Phenomenological considerations suggest a direct proportion-
ality between suspension viscosity and Brownian relaxation
times. To verify this relation experimentally, a set of nanocom-
posite suspensions with viscosities varying over five decades
is presented. The suspensions are chosen in a way to ensure
that particle-particle interactions and average particle-particle
distances are identical so that they can be used as a model
system to study the mere influence of suspension viscosity
on Brownian relaxation. The suggested linear relationship
between suspension viscosity and Brownian relaxation time
can be confirmed. Moreover, a verification of a recently intro-
duced characteristic timescale for Brownian relaxation is
presented.
Keywords BSW spectrum . Nanocomposite . Brownian
relaxation . SAOS . Glass transition .Master curve
Introduction
In colloidal suspensions, spatial and temporal fluctua-
tions of the particle density due to thermal agitation
lead to macroscopic fluctuations of the so-called
Brownian stress. Brownian stress and its relaxation (re-
ferred to as Brownian relaxation) can be probed by
oscillatory shear experiments respecting linear response
conditions. Shikata and Pearson (1994) realized oscilla-
tory shear measurements on ethylene glycol-glycerol
mixtures, filled with silica submicron particles (volume
concentrations, xV ≥ 0.32). The samples investigated by
van der Werff et al. (1989) consisted of sterically stabi-
lized silica particles dispersed in cyclohexane with vol-
ume fractions (xV) varying between 0.3 and 0.6.
Watanabe et al. (1997) carried out oscillatory shear mea-
surements on a 50 wt% suspension of spherical silica
nanoparticles in a super-cooled ethylene glycol-glycerol
mixture. In all cases, the fillers were considered as hard-
sphere particles and the Brownian relaxation time was
shown to depend in the same way on the filler concentra-
tion as the Peclet time defined as the characteristic time
needed for a suspended spherical particle to diffuse along
a distance equal to its own radius.
In the present contribution, diglycidyl ether of
bisphenol A (DGEBA) is used as a suspension matrix.
DGEBA is a low molecular weight (374 g mol−1) glass
former which is not known to show any relaxation pro-
cess slower than the structural α-relaxation in rheologi-
cal measurements (White 2013). Due to the small mo-
lecular weight of the DGEBA molecules, entanglements
leading to a rubbery plateau in rheological measure-
ments are not expected. Wideband dielectric spectrosco-
py (Capaccioli et al. 1998; Corezzi et al. 2002) also
does not give a hint to slow relaxation processes in
pure DGEBA. The situation changes when adding
nanoscaled filler particles to the DGEBA matrix: In pre-
vious works, Dannert et al. (2015, 2014) have published
data on a low-frequency relaxation process observed in
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colloidal suspensions formed by DGEBA and spherical
silica nanoparticles. In contrast to other matrix relaxa-
tion processes found in DGEBA such as α-relaxation,
β-relaxation and the strong γ-relaxation, the newly re-
ported low-frequency process does not show an inde-
pendent temperature dependency. It shows the same
temperature dependency as the structural relaxation pro-
cess (α-process), which leads to the conclusion that it is
related to the matrix viscosity. The most prominent ex-
perimental feature reported in Dannert et al. (2014) is
the scaling of the relaxation times of the low-frequency
process with the Peclet time at sufficiently high filler
fractions. In line with the interpretation suggested in
Shikata and Pearson (1994), van der Werff et al.
(1989) and Watanabe et al. (1997), this low-frequency
event was described as a Brownian relaxation. In con-
trast to the works cited above, it has been shown
(Dannert et al. 2015) that the Peclet time is not able
to predict Brownian relaxation times in dilute suspen-
sions. To adequately describe the evolution of the relaxa-
tion time as a function of xV, a modified Peclet time has
been introduced by substituting the particle radius by the
average interparticle distance. The use of the mean parti-
cle distance as a characteristic length scale has been mo-
tivated by the fact that interactions between particles
(scaling with the particle distance) are a prerequisite for
Brownian relaxation.
Regardless of the used length scale, in case that the Stokes-
Einstein relation is valid, both time scales (Peclet time and
modified Peclet time) predict a linear scaling of Brownian
relaxation times with the suspension viscosity (Banchio
et al. 1999; Sohn and Rajagopalan 2004). However, to our
very best knowledge, in the literature, no experimental data
are available proving the linear dependency between
Brownian relaxation times and suspension viscosity.
Therefore, in the present paper, we will first demonstrate that
we could produce a series of suspensions, which exhibit vis-
cosities ranging over several orders of magnitude, while ex-
actly showing the same complex rheological behaviour. This
series of suspensions is then used as a model system to study
the relation between suspension viscosity and Brownian re-
laxation times.
Materials and experimental setup
Materials
DGEBA/BPA matrices
DGEBA (DER distilled) with a molecular weight Mn = 374
g mol−1 purchased from Nanoresins AG (Geesthacht,
Germany) has been used as a base material for all investigated
samples. DGEBA is an almost ideal glass former with very
low tendency to crystallize and with a glass transition temper-
ature of about 257 K (Baller et al. 2009). The degree of poly-
merization of DGEBA can be varied by curing DGEBAwith
bisphenol A (BPA). During the curingmechanism, the oxirane
rings of the DGEBA molecules are able to react with the
hydroxyl groups of BPA leading to an almost linear polymer-
ization. In order to create matrices with different degrees of
polymerization, the base material DGEBA has been cured
with different mass ratios: rBPA = mBPA / mDGEBA of BPA.
For this study, matrices with rBPA = 0.3, 0.5 and 0.7 have been
produced. BPA was purchased from Sigma-Aldrich (purity
>99%, melting temperature about 431 K). The following cur-
ing method was applied: In the first step, a planetary mixer
was used to homogeneously disperse the appropriated amount
of BPA (crystalline at room temperature) inside distilled
DGEBA. Next, the samples were kept at 393 K until all of
the BPA had reacted with DGEBA. This temperature was
chosen to avoid branching reactions between DGEBA and
BPA. Branching reactions are indeed reported to occur at tem-
peratures higher than 423 K (Smith and Ishida 1994). For each
mass ratio (rBPA), the relative weight-average molecular
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have been determined by gel permeation chromatography.
The respective values are given in Table 1.
DGEBA/SiO2 and DGEBA/BPA/SiO2 suspensions
In this work, the DGEBA/SiO2 suspension with a volume
concentration, xV = 0.05, of nanoparticles was used. It was
obtained by adequately diluting DGEBA filled with 25 vol%
of silica nanoparticles (Nanopox A410, Nanoresins AG,
Geesthacht, Germany) with distilled DGEBA. The silica par-
ticles have a quasi-spherical shape with an average radius of
about 12.5 nm including an ultra-thin stabilization layer
(Baller et al. 2009; Sanctuary et al. 2006). DGEBA/BPA/
SiO2 suspensions with a concentration of xV = 0.05 of silica
Table 1 Relative weight-average molecular weights (MW, r) of the
DGEBA/BPA system for the different mass ratios (rBPA = mBPA /
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nanoparticles were obtained by curing DGEBA/SiO2 suspen-
sions with BPA using the procedure described in the previous
section. Hence, the silica nanoparticles are already well dis-
persed in one of the reactants before polyaddition takes place
(Baller et al. 2009).
Experimental methods
Dynamic rheological measurements were performed with
an Anton Paar rheometer (MCR 302) using parallel-plate
geometry. To avoid compliance effects, the diameter of
the plates (8, 25 or 50 mm) was chosen depending on
the dynamic stiffness of the samples. For the measure-
ment of the highest shear moduli, the plates with the
smallest diameter were chosen and, for the measurement
of the lowest moduli, the plates with the largest radius.
Isothermal frequency sweeps were carried out at different
temperatures (T) in order to determine the complex shear
modulus: G∗(ω) =G′(ω) + iG″(ω), where G′(ω) and G″(ω)
represent the storage modulus and the loss shear modulus,
respectively. The temperature ranges for the rheological
characterization of the different samples are listed in
Table 2. The frequency window exploited for the mea-
surements extended from ω = 0.314 rad s−1 to
ω = 62.8 rad s−1. Measurements were carried out in con-
stant strain or constant stress mode to obtain the best
accuracy possible. A linear response of the samples was
verified for each frequency (ω) and every temperature (T).
Using the IRIS program (Winter and Mours 2006), the
frequency-temperature equivalence principle was
exploited to combine the measured shear data to master
curves at the reference temperature (Tref = 273 K).
Since the experimental results, which are mainly discussed
in the following, are obtained from rheological measurements
at very low frequencies, the reliability of data when the phase
angle approaches 90° needs to be discussed. Figure 1 shows
the master curves (δ(aTω)) of the loss angle (δ = tan
−1(G″/G′))
obtained for DGEBA/SiO2 (rBPA = 0) suspensions with vol-
ume concentrations, xV = 0 , 0.054 , 0.11 , 0.18 and 0.25 (from
the measurements published in Dannert et al. (2014)).
1. As can be seen in Fig. 1, the phase angle (δ) obtained for
the neat matrix (xV = 0) approaches 90° at low frequen-
cies. The cut-off of data at low frequencies is due to tech-
nical reasons: As a matter of fact, the phase angle starts
fluctuating around 90° when G″ starts exceeding G′ by
several orders of magnitude. The software of the Anton
Paar rheometer is conceived to ignore any phase angle
value larger than 90° (for an obvious physical reason).
This leads to average values of the phase angle, which
are too low, and to storage shear modulus values, which
are too high compared with those expected under terminal
regime conditions.
2. The phase angle of the investigated suspensions
shows a more complex behaviour at low frequencies
compared to the neat matrix: Irrespective of the fill-
er content, δ exhibits a local minimum. Common to
all suspensions is the fact that, independent of the
frequency, the measured phase angle lies well below
90°. Thus, it can be concluded that the observed
low-frequency behaviour of the filled systems is
clearly not stemming from measurement artefacts.
The question whether the neat matrix would exhibit
a similar effect if it would be possible to extend the
measurement to even lower frequencies cannot be
answered here. The issue will be discussed at full
Table 2 Temperature ranges within which the isothermal frequency
sweeps where carried out on DGEBA/BPA samples and DGEBA/BPA/
SiO2 suspensions
Sample Tmin (K) Tmax (K)
rBPA = 0 255 273
rBPA = 0 with nanoparticles 259 303
rBPA = 0.3 263 278
rBPA = 0.3 with nanoparticles 263 313
rBPA = 0.5 268 281
rBPA = 0.5 with nanoparticles 263 323
rBPA = 0.7 273 288
rBPA = 0.7 with nanoparticles 273 343
Fig. 1 Master curves (δ(aTω)) of the loss angle of various DGEBA/SiO2
suspensions with volume concentration (xV) at the reference temperature
(Tref = 273 K) taken from the measurements published in Dannert et al.
(2014). The horizontal dashed line corresponding to δ = 90° is a guideline
for the eyes
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length in the “Impact of nanoparticles on the rheo-
logical behaviour of DGEBA/BPA matrices” section.
Results and discussion
Rheological characterization of DGEBA/BPA matrices
Figure 2 presents double-logarithmic plots of the master
curvesG′(aTω) andG
″(aTω) obtained for DGEBA/BPA matri-
ces with different mass ratios (rBPA) of cured BPA at the ref-
erence temperature (Tref = 273 K).
To construct the master curves, the temperature-frequency
equivalence principle has been exploited. The latter allows
superposing the storage and loss shear data measured at dif-
ferent temperatures by horizontal and modulus shifts.
However, for the master curves shown in Fig. 2, no modulus
shifts were necessary. This is illustrated by the van Gurp-
Palmen plot (Van Gurp and Palmen 1998) in Fig. 3: For each
sample, the loss angle (δ) as a function of |G∗| shows a con-
tinuous evolution.
In each sample, the dynamical glass transition occurs when
the loss shear modulus (G″(aTω)) reaches a maximum. The
important shift of the dynamic glass transition towards lower
frequencies with increasing BPA content represents the most
important feature depicted by Fig. 2. When increasing the
BPA concentration from rBPA = 0 to rBPA = 0.7, the frequency
at which the glass transition occurs decreases by more than
five decades (see also Table 3). The pronounced shift of the
dynamic glass transition is expected to go along with a steep
increase of the glass transition temperature. According to the
Fox-Flory equation (Fox and Flory 1950), the change of the
glass transition temperature is proportional to the inverse of
the molecular weight. Thus, for a low molecular weight glass
former as DGEBA, the growth of Tg is expected to be espe-
cially pronounced when its molecular weight slightly in-
creases by the addition of BPA.
Apart from the shift of the dynamic glass transition to lower
frequencies, the overall viscoelastic behaviour of the DGEBA/
BPA matrices seems not to be substantially affected by the
polyaddition process. In Fig. 2, the solid lines correspond to
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represents the broadened power law spectrum (BSW model;
Baumgaertel et al. (1990)).
While in the vicinity of the dynamic glass transition, all of
the systems can be adequately described by the fits, deviations
of the G
0
ωð Þ data from the broadened BSW models are
observed at small modulus values. As a matter of fact, at the
lowest frequencies, the storage shear modulus (G′ = |G∗| cos δ)
systematically deviates to values higher as those expected
from the BSW fits. This deviation results from measurement
limitations (see the “DGEBA/SiO2 and DGEBA/BPA/SiO2
suspensions” section).
The values of the parametersH0, τmax, β and n used for the
broadened BSW models are listed in Table 3. τmax represents
the longest relaxation time, i.e. the characteristic time scale for
Fig. 2 Master curves G′(aTω) (open symbols) and G″ aTωð Þ (closed
symbols) for polymerized DGEBA matrices cured with different mass
ratios (rBPA) of BPA. The solid lines correspond to G
′(ω) and G″ ωð Þ
calculated using the BSW model (Eqs. (2) and (3)). Reference
temperature: Tref = 273 K
Fig. 3 VanGurp-Palmen plots δ(|G∗|) for the DGEBA/BPA samples with
various concentrations of BPA. The curves are synthesized from the data
delivered by the isothermal frequency sweeps without any treatment
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the dynamic glass transition. According to the discussion
above, it increases up to 6 orders of magnitude for the matrix
with the highest content of BPA. Since the relaxation time
(τmax) of the structural relaxation process is usually directly
related to the viscosity (see e.g. Debenedetti and Stillinger
(2001)), this result is in line with the significant increase of
the matrix viscosity (ηm) (Table 2) determined from the master







The observation that all matrices exhibit a similar terminal
regime-scaling behaviour (Fig. 2) can be understood by the
relatively small increase of the molecular weight with a grow-
ing mass ratio of BPA. In fact, as shown in Table 1 for the
highest amount of cured BPA (rBPA = 0.7), the relative weight-
average molecular weight of the DGEBA/BPA system is
smaller than 2. As a consequence, the molecular weights of
the DGEBA/BPA systems are too small to observe normal-
mode relaxations (Paluch et al. 2003) or a rubbery plateau due
to entanglements (Ferry 1980).
In order to fortify this observation, the master curves of all
DGEBA/BPA matrices shown in Fig. 2 have been horizontal-
ly shifted. This is illustrated in Fig. 4, and the normalization
shift factors (smatrix) can be found in Table 4. The curves over-
lap perfectly over the whole frequency range. Thus, it can be
concluded that DGEBA/BPA matrices represent ideal candi-
dates to produce suspensions with complex but similar visco-
elastic properties. This is the basis for an analysis of the sus-
pension viscosity dependency of Brownian relaxation—as an-
nounced in the “Introduction”.
Impact of nanoparticles on the rheological behaviour
of DGEBA/BPA matrices
Figure 5 shows the master curves G′(aTω) and G
″(aTω) (Tref =
273 K) obtained for DGEBA/BPA/SiO2 suspensions with a
volume concentration, xV = 0.05, of silica nanoparticles and
cured with different mass ratios (rBPA) of BPA. Similar to
Fig. 2, the master curves have been constructed using the
temperature-frequency equivalence principle. Again, no modu-
lus shifts of the data were necessary (see the van Gurp-Palmen
plots in Fig. 6). Obviously, the presence of the nanoparticles
renders the rheological behaviour of the DGEBA/BPA/SiO2
suspensions more complex than the one observed for the neat
matrices. Besides the dynamic glass transition at high frequen-
cies, all suspensions show a plateau-like behaviour of the stor-
age modulus at low frequencies. Moreover, the low-frequency
process seems to shift to lower frequencies with increasing
content (rBPA) of the curing agent in a similar way as the dy-
namic glass transition.
In the same way as for the DGEBA/BPA matrices, the
master curves of the DGEBA/BPA/SiO2 suspensions shown
in Fig. 5 have been horizontally shifted. As illustrated in
Fig. 7, the master curves of bothmoduli perfectly superimpose
across the whole frequency range including the regions where
both the structural and the low-frequency processes dominate.
The corresponding normalization shift factors (ssuspension) (see
Table 4) are fairly identical to the normalization shift factors
(smatrix) used for the DGEBA/BPA matrices.
The complex rheological behaviour of the DGEBA/BPA/
SiO2 suspensions is not affected by the curing: As a matter of
fact, curing takes influence neither on the characteristics of the
dynamic glass transition nor on those of the low-frequency
Fig. 4 G′(aTω) (open symbols) andG
″(aTω) (closed symbols) from Fig. 2
shifted by horizontal factors (smatrix) to the master curves of the pure
DGEBA matrix. The corresponding normalization shift factors (smatrix)
can be found in Table 3
Table 4 Normalization
shift factors smatrix
and ssuspension used to
superimpose the master
curves from Figs. 1 and 3





Table 3 Parameters H0, τmax, β and n obtained by adjusting the
broadened BSW model (Eqs. (2) and (3)) to the G′(aTω) and G
″(aTω)
master curves in Fig. 2 together with the matrix viscosities (ηm) for the
different mass ratios (rBPA)
rBPA (−) H0 (×109 Pa) τmax (s) n (−) β (−) ηm (Pa s−1)
0 0.73 6.02 × 10−6 0.59 0.68 1.89 × 103
0.3 0.57 2.88 × 10−3 0.5 0.68 3.32 × 105
0.5 0.6 9.5 × 10−2 0.47 0.68 2.5 × 107
0.7 0.55 7.94 × 100 0.44 0.68 9.12 × 108
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process (except for the frequency shifts dependent on the BPA
content).
The inset of Fig. 6 allows to evaluate the minimum of the
loss angle (δ) as a function of BPA mass ratio (rBPA) and to
calculate the loss angle change (Δδ(rBPA)) induced by the
nanoparticles at low frequencies (see the inset of Fig. 6 for
the evaluation of Δδ(rBPA)). From Fig. 8, it turns out that
Δδ(rBPA) does not substantially change with an increasing
amount of the curing agent in the DGEBA/BPA/SiO2 suspen-
sions (with a constant filler content, xV = 0.05). In the study of
Dannert et al. (2015), the authors have investigated the low-
frequency process in DGEBA/SiO2 suspensions (rBPA = 0) as
a function of the volume concentration (xV) of silica nanopar-
ticles. In addition to Δδ(rBPA), Fig. 8 also shows the xV de-
pendence of the loss angle change (Δδ) as calculated from
data published in Dannert et al. (2015). Clearly, Δδ increases
with the filler content. The fact that the change of the loss
angle at low frequencies does not scale with the molecular
weight of the matrix but obviously increases with the amount
of filler particles leads to the conclusion that the observed low-
frequency process is induced by the filler particles and not by
an intrinsic property of the matrix. In the study of Dannert
Fig. 8 Loss angle change (Δδ) induced by SiO2 nanoparticles in
DGEBA/BPA/SiO2 suspensions. Full squares (lower horizontal axis)
Δδ as a function of the mass ratio (rBPA) evaluated from the van Gurp-
Palmen plot in Fig. 6 (filler volume concentration, xV = 0.05). Open
squares (upper horizontal axis) Δδ as a function of the SiO2 volume
concentration (xV) (BPA mass ratio, rBPA = 0) obtained from Fig. 1
Fig. 6 Van Gurp-Palmen plots δ(|G∗|) for the DGEBA/BPA/SiO2
suspensions with various concentrations of BPA. The curves are
synthesized from the data delivered by the isothermal frequency sweeps
without any treatment. The inset allows a magnified view on the
anomalous behaviour of the phase angle at small values of the complex
moduli |G∗|
Fig. 7 G′(aTω) (open symbols) andG
″(aTω) (closed symbols) from Fig. 3
shifted by a horizontal factor to the master curves of the DGEBA/SiO2
suspension. The corresponding normalization shift factors can be found
in Table 4
Fig. 5 Master curves G′(aTω) (open symbols) and G
″(aTω) (closed
symbols) for DGEBA (rBPA = 0 ; xV = 0) as well as for DGEBA/BPA/
SiO2 suspensions (concentration of nanoparticles (xV = 0.05), mass
ratios (rBPA) of curing agent BPA as indicated). Reference temperature:
Tref = 273 K
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et al. (2014, 2015), the low-frequency event has been identi-
fied as a Brownian relaxation.
Influence of suspension viscosity on Brownian relaxation
in suspensions
Having established and characterized a model system formed
by a series of nanoparticle suspensions which only differ in the
viscosity, this system is now used to investigate the dependen-
cy of the Brownian relaxation process on suspension viscosity.
For a quantitative description, the Brownian relaxation times
need to be determined. This is not straightforward since the
Brownian relaxation process is in competition with the α-pro-
cess of the matrix—both processes overlap on the frequency
scale (see Fig. 5). A method to overcome this difficulty is
described in detail in Dannert et al. (2015). The obtained re-
laxation times are listed in Table 5 and represented in Fig. 9 in
a double-logarithmic plot as a function of the suspension vis-
cosity (ηs). A linear fit of the data leads to a slope of 0.98
fortifying the expectation that Brownian relaxation times are
proportional to the suspension viscosity.
Several authors state that Brownian relaxation times can be





where l represents a characteristic length scale, kB the
Boltzmann constant, T the temperature, a the particle radius
and ηs the suspension viscosity (Banchio et al. 1999; Shikata
and Pearson 1994; Sohn and Rajagopalan 2004; van derWerff
et al. 1989; Watanabe et al. 1997). In a previous paper
(Dannert et al. 2015), the authors showed that the surface-to-
surface mean particle distance (Bansal and Ardell 1972)






can be used as a characteristic length scale to adequately de-
scribe the concentration dependency of Brownian relaxation
times over an extended concentration range.
Inserting Eq. (6) into Eq. (5) and setting a = 12.5 nm, T =
273 K and xV = 0.05 allow to calculate the diffusion time as a
function of the suspension viscosity. The result is shown in
Fig. 9 (red solid line) along with the relaxation times (open
stars) obtained from the experimental data as described above.
Both data sets perfectly coincide, despite the fact that the
diffusion times are calculated and do not originate from a fit
of Eq. (5) to the experimental data. Using the classical Peclet
time (l = a instead of Eq. (6)) yields the black dashed line
shown in Fig. 9. Clearly, this classical expression for the dif-
fusion time does only qualitatively but not quantitatively de-
scribe the experimental data—a result which confirms previ-
ous findings (Dannert et al. 2015).
Conclusion
In this contribution, we have presented a series of nanocom-
posite suspensions exhibiting two essential properties: (i) The
absolute values obtained for the suspension viscosities differ
by 5 orders of magnitude, and (ii) the character of the visco-
elastic behaviour as depicted by the master curves of both the
storage and the loss part of the elastic shear modulus is always
the same, independent of the suspension viscosity. Both fea-
tures make the system an ideal candidate to investigate the
relation between viscosity and dynamics of Brownian relaxa-
tion in suspensions with identical particles, interactions and
average interparticle distance. Since the Brownian relaxation
is caused by the stress induced by the Brownian movement of
particles in suspensions, a direct link between the viscosity of
the medium in which the particles are moving and the time-
scale of their relaxation can be expected and has already been
stated by phenomenological (Shikata and Pearson 1994) as
well as theoretical (Banchio et al. 1999) considerations. In
the present study, we could show that there exists a linear
Fig. 9 Relaxation times (τ) as a function of the suspension viscosity (ηs).
All values are taken from Table 4. The red solid line corresponds to the
diffusion times (τ) (Eq. (5)) with the surface-to-surface mean particle
distance as length scale (Eq. (6)) using the parameters a = 12.5 nm, T =
273 K and xV = 0.05. The dashed line illustrates the variation of the Peclet
time calculated for the same parameters
Table 5 Brownian
relaxation times (τ) for
the different mass ratios
(rBPA)
rBPA (−) τ (s) ηs (Pa s−1)
0 4.41 × 101 2.67 × 103
0.3 8.13 × 103 5.49 × 105
0.5 6.05 × 105 4.78 × 107
0.7 1.55 × 107 1.28 × 109
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relation between Brownian relaxation times and suspension
viscosities. Moreover, the presented data quantitatively con-
firms a phenomenological description (Dannert et al. 2015)
which uses interparticle distances as characteristic length
scales instead of the widely used particle radius.
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